CCT, chaperonin-containing t-complex polypeptide-1; TRiC, TCP-1 ring complex; T. KS-1, hyperthermophilic archaeum Thermococcus sp. strain KS-1; WT, T.
Introduction
Protein folding is assisted by a number of molecular chaperones in vivo. The chaperonins, a ubiquitous class of molecular chaperones, form double-ring complexes that mediate the folding of nascent and denatured proteins in an ATP-dependent manner (1, 2) . There are two distinct groups of chaperonins: group I chaperonins of eubacteria and endosymbiotic organelles (mitochondria and chloroplasts) and group II chaperonins of archaea (known as thermosome) and the eukaryotic cytoplasm (known as CCT or TRiC) (3, 4) . In spite of the relatively low sequence homology between the two groups, their domain architectures are very similar. Both of them are folded into three domains.
The equatorial domain contains the ATP binding site and is involved in intra-and inter-ring contacts. The apical domain is involved in the binding to substrate proteins.
The intermediate domain connects the equatorial and apical domains of each subunit and transfers the ATP-induced conformational changes from the equatorial to the apical domain (5, 6) .
The most striking structural difference between them is the lid of the central cavity of the chaperonin complex. The co-chaperonin GroES/cpn-10 serves as a lid for group I chaperonins in a heptameric dome-like structure. GroES/cpn-10 interacts with one or both GroEL rings in an ATP-regulated fashion, thereby sealing the cavity from the outside. It is demonstrated that a polypeptide of up to ~57 kDa is able to fold within -5 -of the chaperonin complex (6, (8) (9) (10) (11) (12) . Furthermore, this region is assumed to be involved in substrate binding (6, 13) . However, the exact role of the helical protrusion during the chaperonin functional cycle remains unclear.
We have been studying the protein folding mechanism of group II chaperonins using the chaperonin from a hyperthermophilic archaeum, Thermococcus sp. strain KS-1. The natural chaperonin derived from T. KS-1 is a hetero-oligomer of and subunits, and the composition varies with the growth temperature (14) . In addition, each subunit forms a double ring homo-oligomer capable of ATP-dependent protein folding in vitro (10) . In this study, we constructed helical protrusion deletion mutants of T. KS-1 chaperonin (termed Del I, Del II, and Del III, see Fig. 1 ) and characterized them.
Protease sensitivity assays and small angle scattering (SAXS) studies indicated that the presence of ATP did not significantly change the conformation of the deletion mutants.
They were able to prevent protein aggregation, but unable to stimulate refolding of denatured proteins. We have concluded that the helical protrusion is essential for the conformational change to mediate ATP-dependent protein folding, rather than for substrate binding.
Materials and Methods

Bacterial strains, plasmids and reagents
Escherichia coli strains used in this study were DH5 for plasmid preparation, and BL21(DE3) for protein expression. The plasmid pK1E 2 was used as a template for PCR and for the expression of WT (15) . The expression plasmid for GFP, pET21c-GFP UV (His), was a gift from Dr. H. Taguchi.
Ex Taq
TM DNA polymerase and restriction endonucleases were the products of Takara Bio Inc. (Shiga, Japan). ATP, ADP and thermolysin were purchased from Wako Chemicals (Osaka, Japan). AMP-PNP and citrate synthase from porcine heart and from Thermoplasma acidophilum were obtained from Sigma (MO). The AMP-PNP and ADP were purified by anion exchange chromatography (16) or treated with hexokinase (Roche Diagnostics, Mannheim, Germany) plus glucose as described (17) before use to remove contaminating ATP. Protein concentrations were determined with a Bradford assay kit (Bio-Rad, CA) using bovine serum albumin as the standard (18) .
I and Sal I/BamH I, and co-ligated into pET23a (Novagen) at the sites of Nde I and BamH I. The linker sequence connecting the N-and C-terminal moieties was Val-Asp (GTC-GAC, Sal I recognition sequence). The other two deletion mutants were constructed using the same procedure. All constructs were verified by DNA sequencing.
The chaperonins were expressed and purified as described previously (12) .
Thermal aggregation measurement
The thermal aggregation of citrate synthase (CS) from porcine heart was monitored by measuring light scattering at 500 nm with a spectrofluorometer (RF-5300PC, Shimadzu, Kyoto, Japan) at 50 °C. Native CS (120 nM, as a monomer)
was incubated in the assay buffer (50 mM Tris-HCl pH8.0, 25 mM MgCl 2 , 100 mM KCl and 5 mM dithiothreitol) in the presence or absence of chaperonins (120 nM). The assay buffer was preincubated at 50 °C and continuously stirred throughout the measurement.
Refolding assay
The GFP used in this paper is a heat stable mutant, with alanine inserted between
Met-1 and Ser-2, a His-tag in the C-terminal region, and amino acid substitutions of F99S, M153T, V163A, and L165F (7, 10) . It was purified as described (19) . The refolding assay was carried out at 60 °C. GFP (5 µM) was denatured in the folding buffer (50 mM Tris-HCl pH7.5, 25 mM MgCl 2 , 100 mM KCl and 5 mM dithiothreitol) containing 100 mM HCl at room temperature, and diluted 100-fold in the folding buffer with or without chaperonins (100 nM). 1 mM ATP was added to the mixture 8 minutes after the dilution. The fluorescence of GFP at 510 nm with excitation at 396 nm was continuously monitored with a JASCO FP-6500 spectrofluorometer (JASCO, Tokyo, Japan). The reaction mixtures were continuously stirred at 60 °C throughout the experiments. As a control, native GFP was diluted in the folding buffer without chaperonins. The fluorescence intensity of native GFP was taken as 100 %.
Citrate synthase (CS) from Thermoplasma acidophilum was subjected to a refolding assay at 50 °C. CS (19.8 µM, as a monomer) was denatured in 50 mM HEPES-KOH pH7.5 containing 6 M guanidine hydrochloride and 5 mM dithiothreitol for 30 min at 50 °C, and then diluted 60-fold in the dilution buffer (50 mM HEPES-KOH pH7.5, 50 mM MgCl 2 and 300 mM KCl) in the absence or presence of chaperonins (0.5 µM). The refolding reactions were conducted for 60 min at 50 °C. 1 mM ATP was added to the mixture 10 minutes after the dilution. At the indicated time points, aliquots were removed from the mixture and the recovered enzyme activity was assayed as described by Furutani et al. (20) . The activity of the native enzyme at the same concentration is taken as 100 %.
Protease sensitivity assay
Chaperonins (50 nM) were incubated with or without nucleotide (1 mM) for 10 min at 65 °C, while being continuously mixed. The assay buffer was TNM buffer (50 mM Tris-HCl, pH7.5, 100 mM NaCl, and 25 mM MgCl 2 ) or TKM buffer (50 mM Tris-HCl, pH7.5, 100 mM KCl, and 25 mM MgCl 2 ). Digestion with thermolysin (1 ng/µl) was carried out for 10 min at 65 °C. Aliquots of the reaction mixture were precipitated using 30 % (w/v) trichloroacetic acid, and then analyzed on 15 % polyacrylamide gels containing SDS. Gels were stained with Coomassie brilliant blue.
SAXS measurement
The SAXS experiments were performed at the beamline 15A of the Photon Factory in the High Energy Accelerator Research Organization, Tsukuba, Japan. The measurements were done at the protein concentrations of 3-7 mg/mL in TNM buffer at 58.5 ºC. Samples were incubated with or without adenine nucleotides ( WT: 1 mM, deletion mutants: 3 mM) for 5 min at 58.5 ºC before data collection. Scattering patterns were recorded by a CCD-based X-ray detector, which consisted of a beryllium-windowed X-ray image intensifier (Be-XRII) (Hamamatsu, V5445P-MOD),
an optical lens, a CCD image sensor, and a data acquisition system (Hamamatsu C7300), as described (21, 22). The experimental details and the analyses of the scattering data were essentially the same as described (22) . Pair distribution (P(r)) functions were calculated by using the GNOM package (23) . The Q range used for the calculation was 
Results
Construction of helical protrusion deletion mutants
The helical protrusion region of the subunit of T. KS-1 chaperonin is composed of 32 amino acid residues (residue 245-276) ( Fig. 1 ). To examine its role in the conformational change and molecular chaperone functions, we constructed three helical protrusion deletion mutants (termed Del I, Del II, and Del III), which lack one third, two thirds and the whole of the helical protrusion, respectively ( Fig. 1) . Each construct was expressed in E. coli, and was purified in the same manner as the wild type.
The deletion of the helical protrusion had no effect on the oligomer formation and ATP hydrolysis (data not shown).
Protease sensitivity assays of adenine nucleotide-induced conformational changes of chaperonins
Conformational changes of WT and deletion mutants induced by adenine nucleotides were compared using protease sensitivity assays (12) (Fig. 2) . The chaperonins were subjected to proteolysis by thermolysin in the absence and presence of adenine nucleotides. To exclude the effects of contaminating ATP in AMP-PNP (a non-hydrolysable analogue of ATP) and ADP, the experiments were conducted using nucleotides purified by treatment with hexokinase plus glucose (17) . Those treated with hexokinase are referred to as AMP-PNP hex and ADP hex , respectively. WT was sensitive to digestion by thermolysin in the absence of nucleotide or the presence of ADP hex . In contrast, incubation with ATP rendered WT resistant to thermolysin. AMP-PNP hex also led to protease-resistance in the absence, but not in the presence, of potassium ion ( (Fig. 3B) . Del II exhibited almost no change in its P(r) curve on addition of ATP or AMP-PNP (Fig. 3C ).
The structural parameters obtained in this study and calculated from the crystal structure are summarized in Table 1 . The values for the radius of gyration (R g ) and the maximum particle dimension (D max ) were computed from the P(r) function using the program GNOM (23) . In WT, the conformation in the presence of ATP is the most These results clearly showed that the archaeal chaperonin takes an open conformation in the nucleotide-free or ADP-bound state, and changes to the closed conformation on binding to ATP. The result is consistent with previous observations (8, 12) . In the case of CCT, the closure of the built-in lid was induced not by the binding but by the hydrolysis of ATP (11) . There seems to be a difference in the mechanism for the closure of the built-in lid between archaeal chaperonins and CCT.
Helical protrusion is not necessarily important for substrate binding
The effect of deletion mutants on the aggregation of unfolded protein was examined using citrate synthase (CS) from porcine heart, a homo-dimer of 48 kDa subunits. The time course of CS aggregation was monitored by light scattering. When native CS was diluted in the assay buffer incubated at 50 °C, it aggregated immediately to increase the light scattering (Fig. 4, filled squares) . The decrease of light scattering after 10 minutes incubation is probably due to the precipitation of the aggregates. At a 1:1 molar ratio of WT oligomer to CS monomer, the thermal aggregation of CS was almost completely inhibited (filled circles). All deletion mutants also inhibited the thermal aggregation of CS at an equimolar ratio, despite a slight decrease of efficiency 
Helical protrusion is essential for chaperonin-mediated protein refolding
To investigate whether deletion mutants can promote the refolding of denatured proteins, we first used GFP, a monomeric 27 kDa protein, as the substrate protein (Fig.   5A ). We employed a heat stable mutant GFP to perform assays at 60 °C (7, 10) . When acid-denatured GFP without fluorescence was diluted in the folding buffer at a neutral pH, it refolded spontaneously and the level of fluorescence recovered. Because of the high temperature for GFP refolding, the recovery speed and yield were not high. The yields of spontaneous folding at 15 min after the dilution was estimated to be about 20 % (Fig. 5A, filled squares) . In the presence of chaperonins in the folding mixture (at a 2:1 molar ratio of chaperonin to GFP), spontaneous refolding of GFP was inhibited in each case. These results show that deletion mutants are able to capture unfolded GFP in concordance with the above results (Fig. 4) . When ATP was added to the mixture 8 minutes after the dilution of GFP, WT enhanced the productive refolding of GFP (Fig.   5A , filled circles), whereas deletion mutants failed to initiate GFP folding at a measurable rate (Fig. 5A, filled 
triangles, open squares and open circles).
Another substrate protein, citrate synthase (CS) from an acidothermophilic archaeum, Thermoplasma acidophilum, a homo-dimer of 43 kDa subunits, was tested (Fig. 5B ). Only 4 % activity of CS was recovered without chaperonin (Fig. 5B, filled squares). All of the chaperonin variants used were able to bind denatured CS and inhibit the spontaneous folding of CS. When ATP was added, WT promoted a 25 % reactivation of CS activity (Fig. 3B, filled circles) . By contrast, deletion mutants had almost no effect on the proper refolding and enzymatic activity of CS (Fig. 5B, filled 
Thus, these findings suggest that the helical protrusion region is indispensable for ATP-dependent protein folding, rather than for substrate binding.
Discussion
The helical protrusion is characteristic of all group II chaperonins (13).
Although it is thought to be important for the function of the group II chaperonins, its role remains unclear. To clarify this issue, we have constructed helical protrusion deletion mutants of T. KS-1 chaperonin ( Del I, Del II, and Del III; see Fig. 1 ) and characterized them.
It has been suggested that the helical protrusion acts as a built-in lid for the central cavity (6, (8) (9) (10) (11) (12) . Protease sensitivity assays and the SAXS experiments revealed that ATP induces a drastic conformational change in WT under potassium-free conditions ( Fig. 2A and 3A) . The observed difference between the absence and presence of ATP is about 26 Å in terms of the value of D max ( Table 1) . AMP-PNP induced a similar conformational change in the absence of potassium ion ( Fig. 2 and 3 , and Table   1 ). So, it is concluded that the hydrolysis of ATP is dispensable for this change. ATP and AMP-PNP also induced the conformational change of Del I, but the extent of the change was much less than that of WT ( Fig. 3B and Table 1 ). Besides, significant structural changes of Del II were not observed in the presence of ATP or AMP-PNP ( Fig. 3C and Table 1) . These findings clearly demonstrate that the conformational change of WT induced by ATP binding is a movement of the helical protrusion. From the structural parameters of the model structures (Table 1) , it could be concluded that the closing of the chaperonin cavity is induced by the binding of ATP.
Importantly, we observed that the deletion mutants have no significant ATP-dependent protein folding activity, even though they are capable of binding unfolded proteins (Fig. 5) . Taken together, we conclude that productive protein folding requires a complete closure of the ring cavity. It is likely that even a partial deletion of the region makes it impossible to seal off the central cavity and encapsulate the bound substrate. As was expected, it is thought that the helical protrusion of group II chaperonins plays an equivalent role to GroES in group I chaperonins.
The helical protrusion was also assumed to be involved in substrate binding because of the presence of a large hydrophobic patch in the region (6, 13) . In GroEL, the substrate binding sites involve a number of hydrophobic residues that can generally bind hydrophobic regions in unfolded proteins (1, 2) . In contrast, the removal of the helical protrusion did not impair the activity for inhibition of the thermal aggregation of CS (Fig. 4) . Also, the deletion mutants inhibited the spontaneous refolding of GFP and CS (Fig. 5) . These results show that the helical protrusion region is not necessarily Besides, electron microscopic studies of CCT-substrate protein complexes show that actin appears to be bound well below the helical protrusion, and that tubulin seems to interact with a much broader region of the apical domains, including parts of the protrusion (9, 27) . It is speculated that there is a "true" substrate binding site in the apical domain, although the helical protrusion contributes slightly to the binding to unfolded proteins. Several studies indicated that group II chaperonin subunits have a cluster of relatively conserved residues on the inside face of the apical domain, just blow the helical protrusion (24, 28, 29 
